Titanium has an excellent combination of properties that make it an attractive material for use in aerospace applications. The one area in which titanium is not aligned with customer needs is affordability. Components made from titanium are many times more expensive than those manufactured from other alloys. The supply chain of an extruded product is no exception. A breakthrough in extrusion cost reduction would enable wider adoption of titanium in many structural member applications. In an effort to accomplish any breakthrough in titanium component costs, the entire supply chain for manufacturing should be evaluated simultaneously. Due to the complex interaction of the many facets of the systems in a manufacturing supply chain, it is inferred that the supply chain in its entirety must be the focus of the design activity in order to be successful. Design improvements on a single facet of manufacture may have little to no effect on the manufacture of the component. If the improvement has a detrimental impact on another system in the supply chain, overall performance may be lowered. The use of a system of systems' (SoS) design approach was used due to its capability to address complex multi-system integration problems associated with titanium metalworking and manufacture.
Introduction
Although titanium is a modern metal, commercially available only since the 1950s, it was first discovered in 1791 and is the ninth-most rich element in the Earth and the seventh-most abundant metal. South Africa is currently the second largest producer of titanium minerals in the world, contributing 22 percent of the global output. Australia and South Africa together account for just over 50 percent of the total supply of titanium mineral concentrates [1] .
Titanium has distinct physical and chemical properties-it is elastic and tough, has a high strength to weight ratio, hardly expands with increasing temperatures, and can withstand cold without becoming brittle. Gamma titanium aluminide intermetallics show an excellent strength-weight ratio, and corrosion resistance at high temperature [2] . Although Gamma titanium has promising application possibilities, drilling machinability studies are the main interest due to presented machinability problems [3] . In spite of the abundance and advantages of titanium metal, the difficulty in extracting titanium from ores, its high reactivity in the molten state, its forging complexity, its machining difficulty, and its sensitivity to segregation and inclusions required the development of special new design processing methods [4] .
A wider adoption of titanium in a broader range of applications warranted by the material properties is hindered by high costs. Piecewise technological improvements are required to enable more widespread titanium usage. Many individual aspects of the process of making titanium components have peaked regarding performance. The production of converting titanium ore into titanium sponge is accomplished using the Kroll process [5] . This involves the high-temperature reaction of chlorine with titanium oxide, in the form of rutile or ilmenite, to form titanium tetrachloride. In the next step, Magnesium is reduced with the titanium tetrachloride to form magnesium chloride and elemental titanium. At this point, the titanium can be separated from the magnesium chloride for use. The downside of this process is the energy requirements, as titanium requires more energy to refine than all other structural metals [6] .
The development of the titanium industry can be classified into two periods. The first period lies between the 1950s to the mid-1980s, and this constituted a period of intense progress around the development of technology and processes around titanium. The second period from the mid-1980s to the present has been centered around a transformation to a commercial industry. In this transformation, the cost is now the dominant consideration toward usage [7] . The shift toward cost optimization has fallen short of enabling large-scale industrial adoption of titanium, despite its abundance and material properties. The demand for titanium is tied to a select group of industries, of which the aerospace industry is the most prominent.
Due to the severe limitation that high-cost places on the material, titanium consumption exhibits a strong cyclic nature, tied to global events in the aerospace industry [8] . In the current raw material supply situation, sponge production is operating at 85 to 90% of capacity. This situation is constantly changing, and it is expected that this is the crest of a boom cycle in production levels. Continuous turbulence in the supply and demand environment, justifying capacity expansions is increasingly tenuous. What is needed within the industry is a high volume consumer with a steady demand to expand the global market. Hindered by persistent high costs, titanium has been unable to escape its niche status in a few markets into other markets like automotive and consumer products that could grow the adoption of this structural metal [8] .
Some small but burgeoning exceptions lie in biomedical use and additive manufacturing. Titanium alloys, because of their high strength-to-weight ratio and excellent corrosion resistance, have been widely used in biomedical implants [9] [10] [11] . Additive manufacturing (AM) is a desirable method for titanium alloy parts' fabrication, as it provides a low waste alternative for complex geometries [12] . However, these represent optimizations of single aspects of a supply chain or application. A top level view of optimization enables overall performance improvement while accounting for any detrimental implications within the system.
In this paper, the use of a system of systems' (SoS) design approach was used due to its capability to address complex multi-system integration problems associated with titanium metalworking and manufacture. A SoS is the composition of systems interacting, interrelated and interdependent components that form a complex and unified whole to meet SoS needs. The system of systems design approach, commonly employed in complex defense networks, was adapted and applied to address this manufacturing system problem.
Materials and Methods

Materials
Based on the lack of development with the production of titanium material (Ti-6Al-4V), the pursuit of net shape components will have one of the most profound impacts on component cost [13] . The more efficient utilization of titanium will have a significant role in the improvement in titanium component costs given the high raw material costs [14] .
The cost of input materials and machining operations comprises approximately 67% of a finished component cost [15] .
A net shape component would minimize both raw material and machining aspects of finished component costs and have a significant impact on finished component costs. Since forging costs are typically around 7%, a marginal increase from changes in the forging process would not have as significant of an increase as reducing machining and reducing input materials. The system of systems design practices applied to the manufacturing supply chain will attempt to improve many of the low performing aspects of manufacturing components from titanium. In this analysis, costs associated with material usage are of primary consideration.
The main objective of this paper is to develop a cumulative method of producing net shaped components via existing metalworking technologies, rather than developing a new individual system of titanium production. To achieve this, the design of a supply chain will more thoroughly be analyzed to remove boundaries for achieving a net shape component. The proposed design methodology in this paper is commonly employed in defense networks to integrate many individual constitutive together to behave as one unified defense network. In these types of systems, the performance of the collective network is of the same importance as the individual constituent system. This method is referred to as the System of Systems (SoS) approach. This method is ideally suited to tailoring complex networks of systems to meet an overarching set of requirements [16] . In this way, the tendency to focus on individual systems and their requirements is avoided and the system of system performance is emphasized for the entire network or SoS. Though this technique is not commonly used in manufacturing supply chain analysis, it was observed by the lead author that supply chains experience similar complexities and interactions as integrated defense networks. To address the highly complex supply chain design problems, the system of systems framework was applied to a titanium supply chain to overcome the shortcomings in making components from titanium.
Methods
In an effort to accomplish any breakthrough in titanium component costs, the entire supply chain for manufacturing should be evaluated simultaneously. Due to the complex interaction of the many facets of the systems in a manufacturing supply chain, it is inferred that the supply chain in its entirety must be the focus of the design activity in order to be successful. Design improvements on a single facet of manufacture may have little to no effect on the manufacture of the component. If the improvement has a detrimental impact on another system in the supply chain, overall performance may be lowered. A system of system's design approach was used due to its capability to address complex multi-system integration problems [16] .
In the department of defense, rapidly evolving requirements and acquisition methods have driven using "user capability needs" to develop new systems. Decisions have to be made from the broader capability portfolio context. Changing situational needs have driven the application of suites of systems or "System of Systems" to address the broader requirements [16] . This design approach was applied by the lead author to the industrial systems associated with titanium metalworking and manufacture to address the broader general problem of producing complex net-shape titanium components [17] [18] [19] .
SoS are typically composed of many different systems at varying levels of maturity and development. These can include legacy systems, upgraded, and new systems. The systems engineer must make a system of systems level decision based on overall SoS needs and account for the unique considerations of each system simultaneously [16] . This is unlike the design of an individual system where the boundaries of an individual system represent the extent of development and envelop the system in a static manner. In SoS, the combined overall performance must be considered and accounted for. There is also a possibility for dynamic interaction or evolution in SoS structure that would not be present in traditional systems design. Table 1 illustrates the breakdown of SoS design activities involved in SoS design. The tasks identified as technical processes shown in Table 1 encompass the physical design aspects of designing a SoS. These tasks will form the sequence of tasks executed to drive SoS level design to improve a titanium manufacturing supply chain.
Often, the first step in a SoS design is to generate an operational view (OV-1) for the SoS. This represents the environment of primary interactions that the SoS will encounter [16] . Figure 1 illustrates the OV-1 for a titanium manufacturing supply chain [16] .
The system of systems under investigation is the supply chain section that produces finished structural titanium components from primary mill products, as illustrated above. That is not an indication that there are not gains to be made in the other aspects of titanium production, but merely a focusing on the consumption portion of the overarching titanium industry. 
Results and Discussions
Translating Capability Objectives
The first core element of the system of systems design is the translation of system capabilities into SoS level requirements (see Table 1 ). The systems engineers are tasked with understanding and articulating technical level expectations for the cumulative system of systems. This forms the foundation and context for technical planning and capability evolution [16].
Requirements Development
As seen in Table 1 , requirements development is the initial task in SoS design. At the highest level, the requirement of the system of systems is to produce a structural finished titanium component from a raw material or mill products. This is the highest level requirement of the system, as illustrated in Figure 2 . In this situation, the SoS is a titanium metalworking supply chain with varying metalworking capabilities. The requirements for the supply chain as a whole are driven predominantly by the properties of the final product as perceived by the end user or customer. Since the end product is produced commonly today, many typical requirements can be gathered from industry specifications and open literature. Requirements governing a finished component are expected to fall within categories of process requirements, material property requirements, and end condition requirements. Process requirements are derived from customer expectations of a process performance. These expectations are to ensure that the system of systems performs in the interest of the end user or other stakeholders.
Process Requirements
Process requirements include unit cost, material efficiency and being environmentally responsible. These requirements are typically not stated in ranges but it is sought to maximize or minimize them out of the business interest of the end user. Unit cost is obviously one of the key metrics of manufacturing systems assuming all other aspects are equal. There are some reasons that material efficiency is a requirement for titanium manufacturing systems. The high cost and limited availability of titanium raw material is one of the primary drivers [6, 8] . Environmental responsibility is an increasingly focused upon metric of industry [20] .
Material Properties Requirements
The majority of requirements regarding material performance are based on the SAE Aerospace specification SAE AMS 4935 for titanium extrusion which is a common specification for long wrought products. These requirements include high strength, ductile, isotropic, homogeneity, chemistry, hydrogen concentration. These requirements are intended to characterize titanium's performance as is typically desired for industrial consumers. These requirements, though not all encompassing, are routinely tested for material components made from titanium from a variety of methods today [21] .
Condition Requirements
The condition requirements are performance requirements of a finished component that also affect the physical performance of titanium. These include many of the characteristics of a typical finished component, which do not pertain to the material. These condition requirements include roughness, Alpha Case/Oxide free surface, free of any surface cracks, free of surface defects, complex shapes, and dimensional control. Within these requirements are some conditions that are simply not permissible in any structurally sound component such as the presence of cracks, surface defects or surface oxides. Others represent aspects typical for structural components, such as smooth surfaces, dimensional consistency, and complexity of form. These metrics were selected to represent the interest of a customer when evaluating a titanium structural component. These requirements were assembled from known performances of titanium as well as open literature about various aspects of production.
Understanding Systems Relationships
Logical Analysis
As shown in Table 1 , identification of Logical Analysis is the second task in SoS Design. When evaluating functionality required for the manufacturing system of systems, three predominant functions arise: preforming, material conditioning, and finishing. The conditional requirements around part complexity, surface condition, and dimensional control dictate the need for a finishing step to add component features and remove surfaces that are unsuitable for the finished component. The material properties requirements associated with finished components are typically conditioned to achieve these requirements. Most commonly for titanium, this condition is a hot working process coupled with a subsequent heat treatment process [21] . Finally, the process requirements for a low unit cost and high material efficiency dictate a preforming step to convert the raw mill stock into a form closer to the finished component, or "near net" preforming.
Outline of SoS Functional Systems
The system of systems for manufacturing titanium components should follow the general outline shown below. An initial process takes raw material which may or may not be the proper size to yield the desired component, called a preform in this work. Typically, the material would need some heat treatment to evoke the desired properties of the component. This is most commonly done before final steps to prevent adverse effects on a final component that are possible during heat treatment. The final functional system is the finishing step, which most commonly is a machining process, to extract the desired component from the preform and deliver many of the conditional requirements of the component such as surface finish, size, thickness, etc. Even though familiarity may lead one toward common systems, it may result in the elimination of possibly valid SoS architectures without consideration. In Figure 3 , the functional mapping of the SoS is given. Heat treatment is specified because many industrial specifications dictate some form of heat treatment. It was therefore considered unyielding. If later analysis indicated it as being the vehicle for improvement, it could be challenged. 
System Influence on SoS Requirements
The identification of how the individual systems contribute to the SoS performance begins with the mapping of the systems to the specific requirements on which they have an impact, as shown in Figure 4 .
Some clear relationships exist in the SoS. Clearly, most material property requirements arise from the preform and heat treatment process. Additionally, many of the conditional requirements that govern the component's form arise from finishing. One key relationship lies in that the material efficiency is defined or dictated by the preform process alone. The background information supporting this diagram is covered in more detail in the subsequent section. 
System Interdependencies in Relation to SoS Requirements
Unit Cost: The understanding of cost is essentially a flow of money through the system of systems. A mapping of the functional SoS' impact on the cost requirement was performed and is illustrated in Figure 5 . Black lines represent money flow, and red lines represent the flow of information. It can be seen in the visualization above that the primary source of money is from the end customer in the form of payment for the product. The finishing function has an associated cost and profit allotment as well as payment for the input to that functional system. Based on the fact that in many of the industry specifications, the material properties are listed within specifications that govern the preform process, it is reasonable to assume that the heat treatment is being coordinated by the preform processer [21] . Heat treatment is commonly performed as a service as they cannot answer for the material they receive for processing. In the diagram, therefore, the information to the heat treatment system is illustrated as coming from the preform system. Heat-treated product would need to be tested before the preformer to be able to sell the product. This would indicate that the product for finishing would be purchased from the preformer. Due to this, the flow of money is assumed to circumvent the heat treatment step. The money for heat treatment would flow from the preform system instead. In the preform step, a portion of the money would be used for the cost and profitability of that functional system. The next in the chain would be the heat treatment process. Again, the allotment for cost and profitability is consumed. The remainder of the currency is allotted to purchase raw material from outside the system of systems.
Information flows through the system of systems in a similar direction. Given that it is believed that finishing and preform would immediately become cooperators, the information is expected to flow that way as well. The information pertinent to heat treatment and raw material would then come from the preform step.
Material Efficiency: The efficient utilization of material in producing components from titanium is one of the most significant measures of a successful titanium supply chain. Improvements in material efficiency are highlighted as having the largest impact on underlying cost pressures in the titanium industry [14] . The use of the perform operation, such as an extrusion operation, is intended primarily for this purpose. The operation in itself is intended to convert the raw material form into something that more efficiently encompasses the desired component. In this way, significant improvements can be made in contrast to using a solid bar input stock [22] . In most instances, the finishing step is represented by a machining process. The machining, or another subtractive process, is usually the predominant source of material loss in all machined component supply chains. By the definition of a subtractive process, it removes all material that does not represent the finished component. In forgings, for example, this constitutes upwards of 95% of titanium material input into the machining step [7] .
Environmental Responsibility: The industry is becoming aware of the impacts of their operations on the environment. Awareness of environmental influence increasingly factors into decision making around manufacturing and increasing efforts to improve industrial practice are continuously pursued [20] .
The production of titanium raw material is an extremely energy intensive process. Of all the widely used structural metals, titanium is the most resource-intensive to produce. Titanium represents 50% more energy consumption to produce than aluminum per pound and over 15 times that of steel [6] . This is unlikely to change in the immediate future as the Kroll process for producing titanium has been largely optimized. Currently, no immediate alternatives have been successfully scaled up from laboratory trials [8] . This is considered in the analysis of the system of systems because the amount of material purchased drives a significant source of environmental impact. As such, this is considered a direct attribute of the system of systems, though it arises outside of the SoS.
Energy consumption in thermomechanical deformation also contributes to environmental impact. To get enough ductility to accommodate significant amounts of deformation input, the preform must be worked at some elevated temperature [23] . As a result, there is some required amount of energy input to heat the material. This is considered the primary energy consumption for the preform step and is captured as an environmental impact. The material characteristics derived from the preform process also influence the impact of both the heat treatment process downstream and finishing process. The more excess material that is present in the near net shape component, the more mass must be heat treated and excess stock must be removed in the finishing system. The finishing system, such as machining, is typically energy intensive. It is estimated that just under 37,000 BTU are required per pound of titanium that is removed in the milling process [24] . This is a significant source of energy consumption and environmental impact.
Strength/Ductility/ Hydrogen: The contributors to the strength and ductility of the material are going to be significantly impacted by a number of factors that pertain to the thermo-mechanical history of the material. The primary separation of different hot working processes is whether they are conducted above or below the beta transition (transus) temperature. In working above the beta transus, grain growth rates are significant, so time above the beta transus will strongly correlate with grain size. Beyond that, the other important attributes are the temperature, strain input, strain rates of input, chemistry, and starting microstructures [23] . The grain growth and change in microstructure would undoubtedly impact the strength and ductility in a negative way.
When titanium is heated to an elevated temperature, it is common for hydrogen to go into solution to the bulk material. Unlike oxygen and nitrogen which readily react with titanium to form an outer layer, hydrogen permeates through the material [22] . The amount of hydrogen absorbed is a function of time and temperature history through the system of systems. In excessive quantities, hydrides will form within the material and embrittlement will occur [22] . A final parameter associated with heat treatment is the pressure associated with the heat treatment: performing heat treatment in a vacuum [16] . As a result, all associative hot working or elevated temperature steps are expected to impact the strength, ductility, and hydrogen levels of the system of system. Isotropic/Homogeneous: Isotropy and homogeneity are key parameters when analyzing a titanium supply chain. These two parameters represent two of the most difficult aspects of working with titanium. Many preform processes that impart work in one direction, such as rolling or drawing, have the tendency to produce anisotropic material properties in titanium materials [25] . The temperature of rolling and level of unidirectional work have strong influences on the severity of anisotropy within a material [26] . There is a correlation between intermittent and subsequent heat treatments that can mitigate the amount of isotropy within the material [27] . This should be weighed in contrast to the impacts that additional heating will have on properties such as grain size and hydrogen levels [23, 28] Homogeneity is a key parameter of titanium material as well. Due to titanium's high flow softening and low thermal conductivity, a phenomenon called shear banding is common where non-uniform work is rapidly put into the material. In this work, temperature rise tends to concentrate non-uniformly into planes. When this happens, most work is performed along those planes while the intermittent material is not deformed [23] . This phenomenon is exaggerated at lower temperatures where flow stresses are higher [7] . The instance of heat loss to tooling also increases this effect [28] . This results in compromised bulk material. The concentration of deformation on the shear planes can produce strain-induced porosity and embrittlement along these planar structures [7] . Heat loss to tooling can also influence homogeneity by producing a layer of un-deformed material as a result of conduction to tooling [28] . The surface layer simply stiffens to the point that deformation is discouraged and accommodates elsewhere. Isotropy and homogeneity are driven by the preform and heat treatment systems.
Chemistry: The non-hydrogen chemical constituents of the material are not affected in all aspects of the proposed system of systems other than a subsequently removed surface layer. The chemistry is produced during the melting phases of the mill production. Chemistry targets result from the alloying phase of raw material production. Chemistry does have an impact on a variety of other parameters of the material such as strength and ductility. It is important that targets be achieved by the system of systems. The key functional behavior from the SoS is the information flow that directs proper raw material procurement.
Roughness/Surface Cracks and Defects/Dimensional Control: The roughness, dimensional control, and surface condition of a material have a significant impact on the performance of a final component. Fatigue, in particular, is subject to the condition of the surfaces, as imperfections serve as initiation points for crack growth through the material [29] .
The preform function is one of the predominant drivers of the surface quality of a component. The surface layer resulting from the preform system dictates a number of aspects of the SoS, such as how much material the finishing system must remove. In a hypothetical extrusion preform step, the use of lubrication lowers the quality of extruded surfaces as compared to surfaces of other materials performed without lubrication [30] . However, without lubrication, titanium exhibits a high propensity for galling and seizing. This results in striations and tears in the surfaces [31] . In a hypothetical rolling preform, roughening would occur due to strain accommodations at the termination points of slip plains. This manifests in a very fine cracked-like appearance [32] .
The finishing step is highly coupled to the preform operation in the system of systems. Much of the design work and communication facilitates coordination between systems to ensure that the output of the preform is what the finishing step requires to achieve removal of poor surfaces and delivery of dimensional performance. The finishing step also has an impact on these parameters independent of the preform function. Cutting the material too fast can result in galling, welding, or smearing of the metal surfaces. This can also result in tool failure.
Alpha Case: In all hot working and elevated temperature processes, there is potential to form a thin and highly alloyed layer called alpha case on the outer surface [33] . The growth of this layer is shown to increase markedly between 1061 K and 1172 K in oxygen-containing environments [34] . In the extrusion industry specification, a requirement for removal prior to delivery for machining exists [21] . This is due to the negative impact it has on machining and finishing tooling. The brittle layer has been shown to increase the incidence of spalling of bits at the beginning and end of a cut [22] . The finishing process can remove the alpha case if the negative effects on it are tolerable and removal amounts are sufficient. As a result, the requirement for removal from the finished component is a near certainty due to the negative impact on tensile ductility and fatigue resistance [34] .
Assessing Performance to Capability Objectives
The function of assessing and comparing the performance of the SoS in comparison to developed capability objectives is key for formulating improvement plans in the system of systems. Metrics need to be established independently of system specifics to prevent self-guiding toward and answer. This has been done to this point. Through the performance assessment phase, specific areas of focus can be identified for improvement to benefit the SoS [16].
Validation
In the validation phase associated with assessing the performance of a system of systems in relation to capability objectives, the formation of performance metrics form the benchmark for which progression is undertaken. It is also important that metrics be ranked by importance as not all metrics have the same importance as others [16] . In the current supply chain, requirements are going to be ranked as tier 1 or tier 2 as per the system engineer's preference. Tier 1 requirements are of primary concern. These requirements represent a foremost metric by a customer that could be a significant differentiator of the system of systems. Tier 2 requirements represent conditions or performances that are expected to align with industry standards but do not define a differentiator. In other words, the tier 1 requirements will be those for which improvement is most sought. The Tier 2 requirements establish performances that must meet minimum standards or existing performance levels.
Tier 1 Requirements
Tier 1 requirements include unit cost and material efficiency. These requirements were selected based on customer feedback in the form of industry analysis. Unit cost is an echoing of a significant body of research highlighting high cost as a major inhibitor of the wider adoption of titanium into the industry [5] . Material efficiency also represents a paramount requirement for a titanium supply chain. Many of the process aspects of producing titanium have matured and been optimized [8] . Therefore, the efficient utilization of material is highlighted as the most significant avenue for improvement for titanium manufacturing [14] . Improvements in cost and material efficiency would separate one supply chain from another to key stakeholders, which is why they are Tier 1 requirements.
Tier 2 Requirements
Tier 2 requirements represent a performance that is important to a customer but it is not imperative that improvement is realized. What is imperative is that performance is at least preserved and improved if possible. These represent areas outside the main thrust of development. It is important to note that these can be shifted between tiers depending on the development objectives of systems engineers.
Tier 2 requirements include environmental responsibility, strength, ductility, isotropy, homogeneity, chemistry, hydrogen content, surface roughness, alpha case depth, surface cracking, complex shapes, and dimensional control. These Tier 2 requirements represent performance parameters that define the performance of a component produced by a titanium manufacturing SoS. They are therefore important to a shareholder of the SoS but do not necessarily require improvement to meet the needs of the customer. The material property requirements epitomize this for titanium SoS. The material properties of titanium are desirable today in comparison to other structural materials [7] . There is not necessarily a need to improve these aspects to serve an unmet need of a stakeholder. As a Tier 2 requirement, performance must be at least preserved. No objection would be made to improvement in performance, but the loss of performance would not be acceptable. Furthermore, the conditional requirements represent parameters of a component produced in a titanium manufacturing supply chain. It is therefore assumed that these requirements were placed due to explicit needs and must, therefore, be maintained to continue meeting the same customer need. Any loss in these metrics would compromise the implication that needs are still met.
To establish a benchmark, a validation of process capabilities must be undertaken to determine existing SoS performance to capability metrics. All revisions to the SoS can then be measured against the initial case, to determine the degree to which a change resulted in improvement of the SoS [8] . However, this is not the time to define what functional states exist for the final SoS; the selection of a functioning SoS with specific steps is essential to provide some performance baseline for any SoS that may result. The chosen existing supply chain SoS is centered around a titanium extrusion preform system and machining finishing system. This system is composed of five functional systems. The extrusion step is the primary conversion step to make a component from a billet produced by a mill. There is also a heat treatment, straightening, and chemical milling systems that are coupled with the extrusion process (see Figure 6 ). The collective of these functional systems is expected to deliver properties with requirements aligned with industry specification SAE AMS 4935, in some cases [21] . It is noteworthy that these systems are so commonly coupled with extrusion that they are listed within the same industry specification [21] . The collective of these systems defines much of the material property requirements of the final component as this encompasses the thermo-mechanical history of a component. The next and final functional system is the machining step. This removes material to produce the final component from the extrusion preform. This step generates much of the conditional requirement performance such as surface quality, surface defects, and thickness control. 
Conclusions
The onset of this effort was to address the system's inadequacies at meeting demands from within various industries to deliver components more cost effectively. Such a broadly stated problem, involving a complex manufacturing network, requires a systematic approach in order to facilitate addressing the problem in the most succinct manner. The system of systems design approach, commonly employed in complex defense networks, was adapted and applied to address this manufacturing system problem.
As shown in Table 1 , in the first part of this paper we discussed three "core SoS elements" in detail. We identified various methodological challenges which have to be addressed when designing proposed integrated SoS. The second part of the paper will cover the remaining core SoS elements and propose an integrated design for the titanium metalworking and manufacturing system of systems.
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